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I. INTRODUCTION
During the past few decades, supersymmetry has gained the status of one of the best theoretically motivated scenarios for physics beyond the standard model (SM). Under specific conditions it can address the hierarchy problem, achieve gauge coupling unification and, when R-parity is conserved, provide natural dark matter candidate(s). However, supersymmetric models of particle physics have been under assault both from collider searches and from direct and indirect dark matter detection experiments. The measured value of the Higgs-boson mass seems to require TeV-scale scalar quarks, a fact further strengthened by the results of direct sparticle searches at the LHC. The null results from dark matter searches have put substantial pressure on (light) neutralino dark matter and, since long ago, have wiped out left-handed sneutrinos as phenomenologically viable dark matter candidates. Furthermore, in its minimal version, supersymmetry fails to explain neutrino masses. Before, however, abandoning low-scale supersymmetry, one may ask if some of these outstanding issues can be addressed in extensions of the minimal supersymmetric standard model (MSSM), while maintaining the attractive features of the latter and giving rise to novel signals at colliders and elsewhere.
A large variety of MSSM extensions have been studied in the past, including (but not limited to) effective approaches [1, 2] , as well as minimal modifications of the MSSM particle content [3, 4] or gauge group structure [5, 6] . In Ref. [7] , a less minimal approach was proposed, extending the MSSM particle content by additional pairs of vector-like supermultiplets. The advantage of this choice is that the Higgsboson mass can be raised while maintaining perturbative gauge coupling unification. The suggested models involve either 5 þ5 complete representations of SUð5Þ (the 'LND' scenario) or 10 þ 10 complete representations of SUð5Þ (the 'QUE' scenario). Additionally, a 'QDEE' setup which does not contain complete multiplets of SUð5Þ but still leads to gauge coupling unification has also been envisaged. In this notation scheme, the capital letters denote the nature of the extra supermultiplets relatively to their MSSM counterparts carrying the same charge, color and B − L quantum numbers.
The dark matter phenomenology of the QUE and QDEE models was already studied in Refs. [8, 9] . In both cases, the dark matter candidate is the lightest neutralino, much like in the MSSM, albeit with some interesting twists, and their phenomenology is rather similar. In this work we will focus on the third scenario, the so-called LND model. Although in this scenario the little hierarchy problem of the MSSM cannot be resolved [7] , the LND model presents some other attractive features. As above-mentioned, it can lead to gauge coupling unification, although this necessitates that the vector-like fermions have masses in the 600-1000 GeV window [7] . The field content contains a pair of vector-like neutrino singlets, whose fermionic components can be seen as a sterile neutrino. This could consequently provide explanations for the hints of neutrino oscillations at a higher frequency and for the differences between the neutrinos and antineutrinos measured by the LSND and MiniBooNE experiments [10, 11] . The model moreover features two potential dark matter candidates, the lightest neutralino as well as the lightest singlet-like sneutrino. Furthermore, under a specific configuration, it could give rise to additional contributions to the anomalous magnetic moment of the muon, and large mixings between the new fermions and the third generation SM fermions are allowed and can lead to distinctive signals at the LHC. With this as motivation, we expect the phenomenology of this model to differ from that of the QUE and QDEE models, and in this paper we perform an analysis of the dark matter constraints and collider implications for this model. This paper is structured as follows. In Sec. II we present the superfield content of the LND model, its superpotential and soft supersymmetry-breaking Lagrangian, and detail the particle mixings that are relevant for dark matter. In Sec. III we describe the setup of our parameter space exploration, and provide information on the experimental constraints that are imposed within our scan and the computational tools that have been employed. In Sec. IV we study the dark matter phenomenology of our model, separately for the case of a neutralino and a sneutrino LSP. The consequences of the model at the LHC are explored in Sec. V. Finally, we conclude in Sec. VI.
II. THEORETICAL FRAMEWORK A. Field content and Lagrangian
The LND model is an extension of the MSSM inspired by SUð5Þ grand unification (GUT) considerations.
We begin with the MSSM chiral superfield content that contains three generations of quark (Q) and lepton (L) weak doublets, as well as three generations of up-type quark (Ū), down-type quark (D) and charged lepton (Ē) weak singlets. In our notations, the fermionic and scalar components of these supermultiplets read [12] [13] [14] [15] . Decomposing the 5 ⊕ 5 GUT supermultiplets in terms of the G MSSM gauge group, the chiral content of the model includes one pair of vectorlike leptons ðL 5 ;L 5 Þ in the fundamental representation of SUð2Þ L and one pair of vector-like down-type quarks ðD 5 ;D 5 Þ in the trivial representation of SUð2Þ L ,
As in many GUT-inspired supersymmetric models, we also add a pair of vector-like gauge singlets, that can be mapped to a pair of extra (s)neutrinos and find motivation in dark matter and neutrino physics [16] . for the QCD (G), weak (W) and hypercharge (B) gauge groups.
The supersymmetry-conserving (nongauge) interactions of the model are driven by the superpotential W LND that is written, assuming R-parity conservation, as [7] 
ð2:6Þ
where all flavor indices have been explicitly omitted for simplicity. As in any realistic supersymmetric model, supersymmetry has to be softly broken. The Lagrangian thus includes gaugino and scalar mass terms, as well as bilinear and trilinear scalar interactions whose form is obtained from the superpotential. The gaugino mass contributions read
ð2:7Þ
where the M 1 , M 2 and M 3 parameters represent the bino, wino and gluino masses, and the scalar mass Lagrangian is given by Similarly to their superpotential term counterparts, the latter will be assumed vanishing for the first two generations, and small for the third generation. Once electroweak symmetry is broken, all particles with the same electric charge and lying in the same color and spin representations mix. The neutralino sector is identical to the MSSM one, consisting of four Majorana fermions χ 0 i , i ¼ 1; …; 4, which are linear combinations of the four neutral gaugino and Higgsino gauge eigenstates. The lightest neutralino, χ 0 1 is the first dark matter candidate we shall consider. The model also contains five physical neutrinos which are admixtures of the usual MSSM neutrinos with the fermionic neutral components of L 5 andL 5 as well as with the fermionic components of the gauge singlet chiral superfields N andN. The two heaviest exotic states are not stable, since they can decay through the Yukawa-like ε E and ε N terms in Eq. (2.6), and thus they cannot be potential dark matter candidates. The second dark matter candidate considered is in the sneutrino sector, which in the LND model consists of seven physical scalars. The sneutrino mixing is described by the symmetric mass matrix M
ð2:10Þ where f; f 0 ¼ 1, 2 and 3 are generation indices, ðM 
III. PARAMETER SPACE EXPLORATION

A. Parameter space
As indicated in the Lagrangian introduced in the previous section, the LND model parameter space is defined from a large set of beyond the SM free parameters. Assuming unification conditions and relying on the minimization of the scalar potential, this list can be further reduced. In the following, we define the range of value allowed for each parameter relevant for our study. We have verified that wider ranges did not yield any new phenomenology. We fixed the values of all input parameters at the supersymmetry-breaking scale, with the exception of the common MSSM sfermion and Higgs mass M 0 and their common soft trilinear coupling A 0 that are defined at the GUT-scale. This particular choice allows us to analyze a large set of different scalar spectra, concentrating in particular on scenarios with light electroweak scalars and heavier strongly-interacting ones (that are only marginally relevant for our dark matter study). For the supersymmetry-breaking scale we have taken the geometric mean of the masses of the lightest (Mũ 1 ) and heaviest (Mũ 6 ) up-type squarks, M SUSY ∼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi Mũ 1 Mũ 6 p , and restricted it to be smaller than 5 TeV.
We start with the superpotential parameters appearing in Eq. (2.6). While the SM first and second generation Yukawa couplings are neglected, we fix the third generation ones to the value given in the Particle Data Group Review [17] . All other parameters are left free and will be scanned over, with the exception of the off-diagonal Higgs mixing parameter μ whose absolute value is fixed from the scalar potential minimization conditions. The supersymmetric masses of the three pairs of vector-like supermultiplets μ D , μ L and μ N are taken as varying in the GeV-TeV range,
μ L ∈ ½0; 3 TeV and μ N ∈ ½0; 5 TeV; ð3:1Þ whilst the vector-like Yukawa couplings are taken of Oð1Þ, k N ∈ ½−1; 1 and h N ∈ ½−1; 1: ð3:2Þ
As previously stated, we forbid any mixing between the vector-like sector and the first two SM generations, so that the supersymmetric mass mixing parameters and ε Yukawa couplings solely involve the third generation, The parameters in the down-type quark sector are restricted to be small by flavor constraints. The quoted intervals have been determined after scanning over larger ranges and restricting the parameters responsible for flavor-changing effects in the down-type quark and charged lepton sectors according to the constraints in Table II . The soft gaugino mass terms of Eq. (2.7) are allowed to vary independently in the GeV-multi-TeV range, and we fix the mass mixing between the MSSM and the vector-like sleptons as
ð3:9Þ
The rest of the soft parameters involving the MSSM sfermions and Higgs bosons are assumed to unify at the GUT scale, so that all squark trilinear couplings to the Higgs sector are set to a common A 0 value multiplied by the relevant SM fermion Yukawa coupling. In addition, all trilinear scalar couplings involving two vector-like sfermions are taken vanishing. Moreover, all bilinear terms are fixed to a common B 0 value, with the exception of the Higgs mixing parameter b whose value is driven by the scalar potential minimization. We thus choose B 0 ∈ ½−5; 5 TeV; A 0 ∈ ½−2; 2 and
As for all other interactions involving the mixing of a vectorlike and an MSSM particle, we enforce the soft ones to vanish for the first two generations,
ð3:11Þ
and, for simplicity, fix the input values of the three remaining free parameters to zero,
Since the SM Higgs-boson mass is taken equal to its measured value, the Higgs sector is fully defined from the conditions stemming from the minimization of the scalar potential, once one extra parameter is fixed, as all parameters contributing at the one-loop order and beyond are already defined above. The ratio of the vacuum expectation values of the neutral components of the two Higgs doublets, tan β, is allowed to vary in the following range, tan β ∈ ½1; 60: ð3:13Þ
The parameter space is now defined by the 25 new physics parameters and one sign is listed in Table I , where we summarize the free parameters and the range over they are scanned.
B. Analysis setup and experimental constraints
In order to explore the parameter space defined in Sec. III A, we have implemented the LND model in the SARAH 4.12.2 package [18] , which we have used to generate the corresponding SPHENO (version 4.0.3) output [19] . With this last code, we derive the value of the model parameters at the electroweak scale through their renormalization group running from the input scale, and extract the particle spectrum. In order to assess the phenomenological viability of the different scenarios probed during the scan, we enforce the compatibility with several flavor, collider and low-energy physics observables calculated by SPHENO and summarized in Table II . The scenarios considered in our study must satisfy rare B-decay constraints [20] [21] [22] , Moreover, we impose the compatibility with electroweak precision observables (EWPO) at the 2σ level [29] , using a correlation function based on the oblique parameters [30, 31] . Thanks to the interface of SPHENO with HIGGSBOUNDS version 4.3.1 [32] and HIGGSSIGNALS version 1.4.0 [33] , we verify the consistency of the Higgs sector with experimental measurements of LHC Run 1. In practice, we check that the Higgs-boson mass, gluon and vector-boson fusion production cross sections (computed with the SUSHI program version 1.5 [34] ) and signal strengths agree with data up to deviations corresponding to a global χ 2 ðμÞ quantity of at most 111.6, which corresponds to a 2σ level of agreement for the number of considered observables. 
Additionally, we constrain superpartners masses (of the MSSM sector) from direct search bounds [17, 35, 36] and enforce the vector-like lepton mass M τ 0 to obey the LEP bound [37] ,
We now proceed to our analysis. We perform a scan of the parameter space by relying on the Metropolis-Hastings sampling method [39] in which the model free parameters vary as in Table I and are restricted by the constraints of Table II , with the additional requirement that the LSP has to be neutral. For each point, we perform the dark matter analysis with MICROMEGAS version 4.3.1 [40] , which allows us to calculate all DM observables used in the analysis of Sec. IV from the LND CALCHEP [41] model file generated by SARAH. In Sec. V, we perform a collider analysis of a few benchmark scenarios representative of the different spectra favored by cosmology, by relying on the MG5_AMC@NLO [42] platform and an LND UFO model file [43] generated by SARAH. The interfacing of the various programmes and our numerical analysis have been performed with a modified version of the PYSLHA package version 3.1.1 [44] .
IV. DARK MATTER PHENOMENOLOGY
Having presented our model, the leading experimental constraints that we subject it to, and the methodology that we use in order to explore and assess the viability of the parameter space, we now proceed to present the results of our dark matter analysis. We divide the discussion into two parts, depending on the nature of the dark matter candidate (neutralino or sneutrino).
A. Neutralino dark matter
The lightest neutralino has, since long, been the most celebrated dark matter candidate of the MSSM. However, in the MSSM, barring coannihilations and funnels, the possibilities for neutralino dark matter with an Oð10 2 Þ GeV mass are now severely constrained. In particular, almost pure Higgsinos and winos tend to be under-abundant, unless their mass lies above about 1 TeV, as the cosmologically-attractive possibility of a pure Higgsino with a mass below the W-boson mass M W is excluded from chargino searches at LEP [45] [46] [47] [48] . Binos, on the other hand, tend to be overabundant by a few factors, unless either they can annihilate through the t-channel exchange of a sufficiently light sfermion into SM fermions, or they contain a substantial Higgsino or wino fraction. The former case is disfavored by sfermion searches at the LHC, whereas direct detection experiments [49] strongly constrain the mixed binoHiggsino scenario. The mixed bino-wino case is less constrained and constitutes one of the remaining possibilities for sub-TeV natural neutralino dark matter. 2 We refer to Ref. [53] for a recent detailed account of existing constraints.
In the context of MSSM extensions with vector-like fermions, however, the possibility of an almost pure bino dark matter with a mass of up to a few hundreds of GeV can be viable [8, 9] . In such scenarios, binos can annihilate into vector-like fermions through the t-channel exchange of the corresponding sfermion as illustrated in Fig. 1 . In the QUE and QDEE models, these annihilation channels can constitute an efficient-enough mechanism for depleting binos in the early Universe due to the interplay of two effects. First, binos can annihilate into vector-like weaksinglet leptons E carrying hypercharge Y E ¼ 1. Since the sfermion-mediated annihilation cross section of binos into fermions scales as Y 4 , this annihilation channel is particularly enhanced. Second, although SUð2Þ L singlet fermions also exist in the MSSM, the corresponding annihilation cross section is suppressed by the masses of the light SM fermions. The vector-like fermions present in MSSM extensions, on the other hand, are (necessarily) much heavier, hence this suppression is no longer present. It is the interplay of these two factors that renders heavier bino dark matter a viable option in the QUE and QDEE models, making it possible to achieve masses as high as ∼450 GeV in the former case and ∼600 GeV in the latter [8, 9] . In the LND model, however, the situation is slightly different. Although, in this model too the binos can annihilate into heavy electron (and neutrino) pairs through the t-channel exchange of the corresponding sfermions, now the new leptons belong to an SUð2Þ L doublet with an hypercharge Y L ¼ 1=2. This implies that, all other parameters being identical, the bino annihilation cross section is suppressed by a factor 1=16 relatively to the QUE and QDEE models. We thus expect the phenomenology of neutralino dark matter to be more similar to the MSSM one than that of the other two GUT-inspired MSSM extensions with vector-like fermions.
In Fig. 2 we present the neutralino relic abundance as a function of the dark matter mass, highlighting in different colors the contribution of these novel annihilation channels 2 Natural in the sense of how rapidly the predicted dark matter abundance changes with small variations of the model parameters [50] [51] [52] .
to the total dark matter annihilation cross section. In the left panel we show all the scenarios probed in our scanning procedure that respect the constraints described in Sec. III B, whereas in the right panel we exclude scenarios in which dark matter depletion is dominated by funnels (Z=h=H=A) or co-annihilations. Several comments are in order.
First, we recover the well-known result that sub-TeV Higgsinos and winos lie below the Planck region (with Ωh 2 ∼ 0.12 [54] ), i.e., the predicted relic density is smaller by one or two orders of magnitude than the observed one. This is illustrated on the bottom of the left subfigure as a line-like accumulation of scenarios. In contrast, almost pure bino dark matter that does not annihilate into vector-like fermions can be either overabundant or under-abundant, depending on whether or not co-annihilations and funnels are efficient in depleting DM. The blue parameter space points for which the Planck measurements are exactly met correspond to scenarios of bino dark matter either annihilating through a quasi on-shell Z=h=H or A boson, or coannihilating with MSSM sparticles. Such configurations are also present in the MSSM. The novel feature appearing in the LND model are the red points, which correspond exactly to situations in which binos annihilate into vectorlike leptons. While coannihilations with the corresponding sfermions are also possible, they are not necessary to reproduce the Planck measurements.
Second, we observe the existence of a lower bound in the predicted dark matter abundance for binos annihilating exclusively into vector-like leptons. This limit is due to the fact that the interactions involved in annihilation diagrams such as the one depicted in Fig. 1 result from gauge couplings, which implies that their magnitude is essentially fixed. Then, in the absence of additional annihilation processes, these interactions can be efficient only up to a certain point in depleting dark matter, which corresponds to the observed lower bound in Ωh 2 . This lower limit scales roughly as the squared bino mass, which is a consequence of the fact that, for large enough dark matter masses, hσvi is roughly proportional to the inverse square of the dark matter mass, a dependence which reflects upon the predicted relic density. The situation is fairly similar to the scaling of the wino and/or Higgsino abundance as a function of the neutralino mass.
Third, the rather sharp cutoff observed in the red points around a mass of 100 GeV is simply due to the fact that the vector-like leptons (and, in particular, the heavy electrons) cannot be lighter than about 100 GeV, because of the experimental constraints on their mass discussed in Sec. III B.
So, as anticipated, the neutralino dark matter phenomenology we recover is fairly similar to the MSSM one. Due to the hypercharge suppression of processes such as the one depicted in Fig. 1 , annihilation into vector-like fermions is not as efficient in the LND model as in the QUE and QDEE ones. It is, hence, not possible to reach bino masses larger than ∼200 GeV while imposing all existing experimental constraints and explaining the observed dark matter density in the Universe. Although the dark matter annihilation channels might differ drastically, the accessible masses are at the end comparable to those that would be obtained in the MSSM. However, as we will see in Sec. V, the existence of the vector-like (s)fermions can give rise to interesting, novel phenomenological signatures at the LHC and provide additional handles for collider dark matter searches.
B. Sneutrino dark matter
As already explained in Sec. II, LND sneutrinos can be a random admixture of the MSSM (SUð2Þ doublet) lefthanded sneutrinos and the vector-like left-and right-handed SUð2Þ doublet or singlet ones. A first finding from our parameter space scan is that, as expected (cf. e.g., Ref. [3] ), mostly doublet-like sneutrino dark matter can be perfectly compatible with the requirement to reproduce the observed dark matter abundance in the Universe, but is excluded by direct detection experiments due to the strong coupling to the Z boson. This is a well-known feature in the MSSM which persists in the LND model. In order to illustrate it, in the left panel of Fig. 3 we show the sneutrino relic abundance as a function of its mass, highlighting in different colors (red to blue) the increasing doublet fraction. For simplicity, we ignore scenarios with MSSM-like sneutrinos. We observe that mostly doublet-like scenarios (blue points) can satisfy the Planck constraint for sneutrino masses around 600-800 GeV, a range which is comparable to the usual MSSM sneutrino dark matter scenario [3] . These scenarios are, nonetheless, found to be in severe conflict with direct detection constraints.
In principle, the presence of additional light leptonic doublets could also provide the necessary contributions to tame down the discrepancy between the measured and predicted values of the anomalous magnetic moment of the muon, despite the fact that mixing is only allowed with the third generation of SM fermions [55] . This appealing option turns out to be strongly disfavored by cosmology, so that one ends up with a situation similar to the MSSM one. From now on, we will not analyze further doublet-like sneutrino DM candidates.
Singlet-like scenarios (red points), on the other hand, offer much more freedom both from the viewpoint of the Planck-allowed sneutrino masses and as far as direct detection constraints are concerned. The abundance of singlet-like scenarios is determined through the interplay of several dark matter depletion processes including direct annihilations into Higgs boson pairs, annihilations through quasi-on-shell s-channel scalars and sfermion exchange, and coannihilations. The impact of the latter is in particular illustrated in the right panel of Fig. 3 , in which we highlight in different colors (red to blue) scenarios with decreasing mass splitting between the lightest sneutrino and the NLSP and which indicate increasing coannihilation contributions. The observed relic abundance in the Universe can be reproduced for a large range of mass splittings, which implies that sneutrinos can be a cosmologically viable option with or without coannihilations.
The impact of the DM direct and indirect detection constraints for sneutrino dark matter on the LND model is shown in Fig. 4 . In the left panel we present the DM-proton spin-independent scattering cross section against the sneutrino mass and compare it with the latest exclusion bounds from LUX [56, 57] (red-dashed line) and XENON1T [58] (black-dashed line and shaded 3σ band). In order to account for the possibility of sneutrinos comprising only a subleading dark matter component, the scattering cross section has been rescaled according to the predicted dark matter abundance for each scenario, which we assume to scale identically to its present-day local density, an we ignore configurations yielding over-abundant dark matter. In the   FIG. 3 . Sneutrino relic abundance as a function of its mass. In the left panel we highlight in blue the parameter space points for which the lightest sneutrino is dominated by a doublet component, whereas red points are essentially singlet-like. In the right panel, we indicate which of the parameter space points are characterized by large (red) or small (blue) mass splittings between the lightest sneutrino and the NLSP.
right panel we instead show the predicted zero-velocity thermally averaged self-annihilation cross section and compare it with the latest bounds from the Fermi satellite mission [59] for different annihilation channels. Although the exact nature of the annihilation products may vary substantially, the constraints for hadronic (quarks/gauge bosons) channels tend to correspond more to the actual constraints on our scenarios. The self-annihilation cross section has in this case been rescaled by Ω 2 pred =Ω 2 Planck , again in order to account for the possibility of underabundant scenarios. In both panels, the parameter space points satisfying both the upper and the lower Planck bound are highlighted in darker blue and we omit points for which dark matter would be over-abundant.
As we can observe from the left panel of Fig. 4 , the parameter space points for which Mν 1 ∼ M h =2 and which satisfy the relic density constraint lie within a band that exhibits a rather standard "funnel"-like behavior. Below this mass value, efficient annihilation of singlet-like sneutrinos into light SM fermions requires rather large couplings to the standard model particles, especially the Higgs boson, which in turn implies that the corresponding scenarios are characterized by relatively large spinindependent scattering cross sections. This brings them in conflict with the recent LUX and XENON1T constraints, which are only satisfied if the sneutrinos annihilate through a quasiresonant Higgs boson in the early Universe. Once the W-boson mass threshold is crossed, we observe another abrupt drop in σ SI p since for Mν 1 > M W the sneutrinos can annihilate directly into a pair of W (and, eventually, Z) bosons. Still, direct detection constraints exclude most of the parameter space lying within this band for sneutrino masses roughly up to 200 GeV. For larger masses, the present-day sensitivity of direct detection experiments is no longer sufficient to exclude these scenarios.
Essentially the same structure is observed in the right panel of Fig. 4 , without the sudden drop around M W since the total dark matter self-annihilation cross section remains roughly constant in order to satisfy the Planck bounds. Besides, the occasional scattered points that lie outside the main dark blue band correspond to scenarios with large coannihilation contributions or to cases in which dark matter annihilates predominantly into Higgs boson pairs or vector-like leptons. The larger spread of the dark blue points in the left panel of the figure with respect to the right one is due to the fact that, with the exception of coannihilation, indirect detection probes the same processes that determine the dark matter abundance in the Universe. For instance, if dark matter annihilates predominantly into Higgs boson pairs, its direct detection prospects are rather modest whereas its indirect detection perspectives are almost identical to scenarios with a WW final state, since the final annihilation products are similar and the total thermally averaged self-annihilation cross section is roughly the canonical one.
The DM detection perspectives of the model are hence good, since most of the parameter space that has not yet been excluded by direct or indirect detection lies within a factor of a few from current bounds. We can expect that at least the most "canonical" scenarios will be probed with in the next decade or so. However, LND sneutrino dark matter candidates behave rather similarly to usual sneutrino dark matter in the MSSM augmented with a right-handed neutrino chiral supermultiplet. Most of the features discussed here are present in this scenario too, with the most important differences coming from the existence of a few additional annihilation channels (the contribution of which we have, however, found to be rather modest) and the presence of a handful of additional coannihilation channels. Both of these features do not alter the global picture of sneutrino dark matter with respect to more conventional scenarios. Despite this, we should remind that given the current experimental constraints, essentially all neutralino dark matter scenarios necessitate a μ parameter that lies at FIG. 4 . Direct (left panel) and indirect (right panel) detection constraints on sneutrino dark matter in the LND model as a function of the dark matter mass. In both cases we highlight, in darker blue, the parameter space points for which the two-sided Planck constraint can be satisfied.
the TeV scale or above. As it has been pointed out [50] [51] [52] , since the μ parameter is related to the Z-boson mass already at tree-level, this introduces high levels of fine-tuning pushing the theory towards unnatural territories. In sneutrino dark matter scenarios such as the one we just studied, the μ parameter is decoupled from the dark matter mass and can be fixed much closer to the Z-boson mass as required by naturalness. In this respect, the presence of a second dark matter candidate in the form of the (mostly singletlike) sneutrino in the LND model constitutes of an interesting novelty both with respect to the MSSM and to the QUE and QDEE setups.
V. PROSPECTS AT THE HL-LHC
The results presented in the previous sections show that there exist LND configurations compatible with cosmological constraints as well as with flavor, Higgs and lowenergy physics observables. We therefore single out several representative benchmark scenarios to study the corresponding LHC phenomenology in more depth, and turn our focus on setups featuring substantial cross sections for vector-like (s)fermion production at the LHC connected to potential novel LHC signatures worthy of investigation. Even though the LND model has some semblance with the MSSM, it exhibits differences due to the existence of additional vector-like leptons and down-type quark. Owing to flavor physics constraints, the vector-like down quark has to be massive and its coupling to the SM quarks has to be small, which reduces its corresponding LHC production cross section significantly. Typical LND signals therefore involve leptonic and often cleaner final states.
We concentrate on vector-like τ 0 production, in which each extra lepton dominantly decays into a neutral SM-like Higgs-boson h or Z-boson and a tau lepton, pp → τ 0τ0 → ττXX with X ¼ h; Z: ð5:1Þ
After accounting for h and Z-boson decays, this process could give rise to a copious production of multileptonic events with small SM backgrounds. We analyse the four benchmark points defined in Table III , that leads to the production of events containing four first and second generation leptons (e or μ) at the LHC. The tables include the 20 parameters relevant for collider physics, the most relevant ones being ε N;3 , k N , κ L;3 , h N and ε E as the considered signal involves vector-like τ 0 states. The corresponding particle spectra are presented in Table IV .
As soon as all branching ratios are properly included, final states containing four leptons (e or μ), at least one hadronic tau and no b-tagged jets could yield the largest signal sensitivity, highlighted in particular by a low associated background. We make use of MG5_AMC@NLO (version 2.6.1) [42] to generate leading-order hard-scattering events for both the signal for the four considered benchmarks, and for the different components of the SM background, for proton-proton collisions at a center-of-mass energy of 14 TeV. We generate events for diboson production (including off-shell effects, once accounting for weak boson leptonic decays), as well as for the subdominant tth, ttZ and ttWW background contributions. We have additionally verified that triboson background contributions were negligible. In our simulations, we rely on the four-flavor number scheme, making use of the leading-order set of NNPDF2.3 TABLE III. Parameters defining our four representative LND benchmark scenarios BP1-BP4. The sign of the μ parameter has been taken positive in all cases. parton densities [60] . We include taus when enforcing weak boson leptonic decays, and allow for the presence of up to two extra partons in the final state. The multipartonic contributions are then merged following the MLM prescription [61] . Parton showering and hadronization are performed within the PYTHIA8 (version 8.230) framework [62] and we simulate the response of the detector by means of DELPHES 3 (version 3.4.1) [63] . We modify slightly the default CMS detector parametrization that relies on the FASTJET program (version 3.2.1) [64] for jet reconstruction on the basis of the anti-k T algorithm [65] , with a radius parameter set to R ¼ 0.5. Our modifications imply a tau-tagging efficiency fixed to 60%, for a mistagging rate of a light-jet as a hadronic tau set to 1% (this configuration matches average performances after the object selection enforced below). In contrast, we consider standard b-tagging performance as implemented in the default CMS parametrization [66] . We define the relevant reconstructed object candidates by imposing transverse momentum (p T ) and pseudorapidity (η) conditions on the leptons (l ¼ e, μ), hadronic taus (τ h ) and light and b-tagged jets (j and b), We moreover require lepton isolation by imposing that the total hadronic activity within a cone of radius ΔR ¼ 0.5 around any electron (muon) is smaller than 12% (25%) of the lepton p T , and that all reconstructed leptons are separated from each other by an angular distance, in the transverse plane, of at least R ¼ 0.5. We then preselect events by constraining the number of reconstructed finalstate electrons and muons (N l ), hadronic taus (N τ h ) and b-tagged jets (N b ), to be
We then investigated a large set of observables and found that the most discriminatory ones are the total transverse activity H T (the scalar sum of the p T of all reconstructed visible objects), a modified version of the effective mass M eff (the scalar sum of the p T of all jets and the missing transverse energy E T ), and the invariant mass M 4l of the system made of the four hardest leptons. The distributions in these variables are shown in Fig. 5 for both the different background contributions and the illustrative BP1 benchmark scenario. Upon scrutinizing these variables, we select events for which Whilst further optimization is possible, these choices allow for a good enough background rejection in the context of the four considered benchmark selections, as illustrated by the detailed cutflow charts shown in Table V for 3 ab −1 of LHC collisions at 14 TeV.
We evaluate the sensitivity of the high-luminosity LHC to our different benchmark scenarios by computing two significance indicators s and Z A defined by [67] 
and
ð5:5Þ
with S and B being respectively the total number of signal and background events surviving the selection. Our results assume a 20% systematic uncertainty on the SM background,
In Table V we compare the expectation for both 300 fb −1 and 3 ab −1 of LHC collisions. The discovery prospects are in all cases very promising, so that the presence of the vector-like leptons offers good handles on LND models. It will, however, be challenging to conclude about the realization of the model in nature without getting a grip on the supersymmetric part of the spectrum with the LHC alone.
This could for instance be achieved by investigating the impact of the searches for supersymmetry through its monojet and multijet plus missing energy signatures [68] [69] [70] [71] . In all cosmologically favored LND setups analyzed in Sec. IV, such signals arise from the pair production of squarks and/or gluinos. However, the lightest squarks have generally masses of about 2 TeV or more, so that the corresponding cross sections are negligibly small, especially after imposing the presence of at least one very hard jet in the final state. Exceptional scenarios nevertheless exist, in which lighter colored superpartners are featured. In this case, the relevant cross sections are of Oð1Þ fb, which is too small to yield any hope of observing a hint for the signal. We have, in addition, evaluated the cross sections associated with electroweakino pair production. For all scenarios favored by cosmological data, they reach at most 0.1 fb, when the branching-ratiofavored hadronic final states are considered. The direct observation of a supersymmetric signal at the LHC will, hence, be very unlikely. Thankfully, as demonstrated in this work, the presence of vector-like leptons in the LND model provides additional observational handles which are complementary to cosmological and astrophysical probes.
Our collider analysis focused on decays into vector-like τ 0 leptons, yielding signals with four leptons (electrons or muons), one hadronic tau and no b-jets. This constitutes a rather unique signature that is neither probed by multilepton analyses, which target final states with three or more leptons but no taus [72] , nor by conventional searches for vector-like leptons, which include either three or more light leptons and no taus, or two light leptons and a single tau, as in Ref. [73] . Perhaps the closest experimental study to our proposal is the ATLAS analysis of Ref.
[74]. However, the information provided in their Tables 4 and 6 indicate that not a single one of their signal region matches ours. Hopefully, further analyses at the LHC will allow for the investigation of a wider range of parameter space and probe additional multilepton signals.
VI. SUMMARY AND CONCLUSIONS
In this work we presented an analysis of an extension of the MSSM along lines suggested by supersymmetric grand unification. The minimal superfield content of the MSSM is enlarged by the addition of a complete 5 ⊕5 representation of SUð5Þ, which leads to vector-like pairs of down-type quark and lepton supermultiplets after TABLE V. Impact of our event selection strategy on the SM background and the four considered benchmark scenarios. For each cut, we provide the expected number of surviving events for L ¼ 3 ab −1 of LHC collisions at a center-of-mass energy of 14 TeV. We also quote the corresponding significances s and Z A defined in Eq. (5.5), including a 20% systematic uncertainty on the background. We additionally indicate, in parentheses, the significances for a lower luminosity of 300 fb −1 .
Step Requirements Background BP1 BP2 BP3 BP4 the breaking of the grand-unified symmetry. We moreover include a vector-like pair of singlet neutrino supermultiplets. The model then provides, in addition to the lightest neutralino, a new potential candidate for dark matter compared with other GUT-inspired supersymmetric models with vector-like fermions, namely the scalar superpartner of the singlet vector-like neutrino (the latter becomes a sterile neutrino).
We set up the model allowing mixing of the new vectorlike states with the third generation of down-type quarks and leptons only (to avoid unwanted flavor-changing effects), and investigated its consequences by scanning over the free parameters over a wide range. The parameter space is then restricted by imposing collider mass limits, the compatibility with a complete set of Higgs-sectorrelated measurements, and constraints originating from electroweak precision tests, lepton flavor violation and B-physics. We first investigated the dark matter candidates featured by the model and imposed restrictions from the requirement to reproduce the observed dark matter abundance in the Universe and the absence of a signal in direct and indirect dark matter detection experiments.
The neutralino DM candidates turn out to have fairly similar properties as in the MSSM. In particular, in this model the bino-(vector-like) electron-selectron coupling is a gauge coupling, and thus proportional to the hypercharge Y. The bino-like neutralino annihilation cross section into vector-like fermions is, then, proportional to Y 4 , and since the vector-like (s)fermions that are charged under Uð1Þ Y belong to SUð2Þ L doublets they carry a hypercharge of 1=2. This, in turn, implies that the overall bino annihilation cross section is suppressed in comparison to models containing vector-like SUð2Þ L singlets. As we showed explicitly, this suppression hinders these novel (with respect to the MSSM) annihilation channels from providing an efficient mechanism for dark matter depletion in the early Universe and deprives heavier binos of the possibility to be viable DM candidates.
While sneutrinos can in principle be an arbitrary admixture of the MSSM (SUð2Þ L doublet) left-handed sneutrinos and the vector-like left-and right-handed SUð2Þ L doublet or singlet ones, and while the mostly doublet-like sneutrino dark matter option is entirely compatible with the requirement to reproduce the observed relic density, direct detection experiments exclude such scenarios. This means that only singlet-like sneutrinos survive, making this scenario difficult to differentiate from other models where the right-handed sneutrino is included on an ad-hoc basis, or is required by the symmetry of the model. However, as we argued, given all current experimental constraints sneutrino dark matter in this scenario can further find motivation from naturalness arguments, which constitutes an interesting twist of the LND model with respect to other minimal GUT-motivated MSSM extensions with vector-like fermions, like the QUE and QDEE models. Lastly, the model shows some interesting prospects in collider signals. We devised benchmark points with substantial cross sections to vector-like final states, to unravel the corresponding signals that are absent from the MSSM. We concentrated on vector-like τ 0 production, decaying dominantly into a neutral boson (either the SM-like Higgs boson h or the Z boson) and a tau lepton. We have demonstrated that the pair-production of a pair of vectorlike τ 0 yields a multilepton signature that could distinguish this model in the future high-luminosity runs of the LHC, for both luminosities of 300 fb −1 and 3 ab −1 . Taken together with the cosmological implications of the model, this signal could provide a way to assess its viability.
